The region of human chromosome 6 containing the MHC has been identified as influencing asthma and atopy (allergy) by several genome-wide searches. The MHC contains many genes with potential effects on innate and specific immunity. As a first step in dissecting MHC influences on asthma and its underlying quantitative phenotypes, we have examined the HLA-DRB1 locus in a population sample consisting of 1004 individuals from 230 families from the rural Australian town of Busselton. The locus was strongly associated with the (log e ) total serum IgE concentration, accounting for 4.0% of the s 2 (variance) in that trait (multiallelic test, P=0.00001). The locus also influenced specific IgE titres to common allergens (multi-allelic tests, 2.8% s 2 for the house dust mite allergen Der p I, P=0.0013; 3.0% of s 2 for Der p II, P=0.0007; and 2.1% of s 2 for the cat allergen Fel d I, P=0.014). No associations were found to the categorical phenotype of asthma, or to the quantitative traits of peripheral blood eosinophil counts and bronchial hyper-responsiveness. Transmission disequilibrium tests excluded genetic admixture as a cause of false-positive findings. The results indicate that HLA-DRB1 alleles modulate the total serum IgE concentration and IgE responses to allergens, but do not account for the previous observations of linkage of asthma to the MHC. European Journal of Human Genetics (2001) 9, 341 ± 346.
Introduction
Allergic (atopic) asthma is the most common disease of childhood, 1 and now affects 155 million individuals in the world. Asthma is highly heritable, 2 and many centres are now involved in studies to discover the genetic basis of asthma susceptibility. 3 The asthma phenotype is complex. Ninety per cent of children with the disease show signs of IgE mediated allergy to common inhaled proteins, known as allergens. Asthma is associated primarily with allergy to house dust mite (HDM) and to a lesser degree with allergy to cat dander and moulds. 4, 5 Asthmatics may also exhibit elevations of the total serum IgE concentration, peripheral blood eosinophilia, and bronchial hyper-responsiveness to non-specific stimuli such as methacholine or histamine. Segregation analyses have indicated that IgE titres to particular allergens only partially overlap with the genetic determinants of the total serum IgE. 6, 7 Analyses of linkage and association to these traits may therefore require adjustment or correction for each other, in addition to adjustments for the recognised effects of age and sex. 6 A number of genome-wide searches for linkage to asthma and its associated traits have been carried out in diverse populations and show reproducible patterns of linkage. 3, 8 The major histocompatibility complex (MHC) region on chromosome 6 has shown consistent linkage to asthma-associated phenotypes in several studies 9 ± 12 and may be considered to be a major locus influencing allergic diseases. The MHC contains many molecules involved in innate and specific immunity. Investigation of the effects of the MHC on asthma and its related phenotypes therefore poses a considerable methodological and statistical challenge. Studies of genetic linkage may lack power to resolve this complexity. Although linkage disequilibrium (LD) extends for long distances in the MHC, LD mapping and association testing with candidate gene polymorphisms are likely to be the most effective means of dissecting out the effects of individual genes.
This present study has therefore investigated the highly polymorphic HLA-DRB1 locus for effects on asthma and its associated phenotypes. Many previous association studies with asthma-associated phenotypes and MHC alleles have suffered from small sample sizes, poor correction for multiple testing due to multiple alleles, and an inability to control for population admixture. We have therefore used a familybased population sample to control for admixture, and carried out initial analyses with multi-allelic tests of significance. The approach allowed exploration of the effects of covariates, together with estimation of the effect of alleles on phenotypic variation.
Methods
The subjects were young nuclear families from the rural coastal town of Busselton in South-Western Australia. Children under 5 years old were excluded because they could not complete respiratory testing. Families were identified through adults aged 55 years or under, from an electoral roll of approximately 9000. Families were serially recruited until a pre-determined target of 1000 individuals was reached. The final sample consisted of 1004 subjects in 230 nuclear families.
1867 individuals were approached to achieve the final sample. One hundred and seventy-seven had refused a part in the study, 140 were not contactable, and 434, although contacted, had not been tested by the end of the study. Seven hundred and eight subjects were excluded because their spouses were older than 55 years, or because they were not married with two or more natural children over the age of 5 years. The remaining 408 individuals and their spouses and children not on the electoral roll completed the study. Subjects knew the respiratory interest of the investigation before agreeing to participate. It was emphasised that normal people were important to the study.
Testing took place in the winter months of May, June and July 1992. A respiratory questionnaire, based on the ATS questionnaire but including questions on rhinitis and allergies, was administered. Physician-diagnosed asthma was defined as a positive response to the questions`Have you ever had an attack of asthma?' and`If yes, has this happened on more than one occasion' and`Has your doctor ever told you that you have asthma?'.
Skin prick testing to Dermatophagoides pteronyssinus (HDM), mixed grass pollen, cat and dog dander, Aspergillus fumigatus, Alternaria alternata and a negative control (Dome-HollisterSteir, Spokane USA)) was carried out as previously described. 13 Wheal diameters were calculated minus the negative control. Bronchial responsiveness to methacholine was measured with a maximum dose of 12 mmol administered by hand-held deWilbus nebulisers. 14 The slope of the dose response curve was calculated as (pre-dose forced expiratory volume in 1 s (FEV1)7last FEV1) divided by the final cumulative dose of methacholine. To allow log e transformation, negative slopes and slopes of 0 were coded as 0.001. Blood was taken by venipuncture for IgE assays, eosinophil counts and DNA studies.
The total serum IgE was determined by ELISA (Pharmacia CAP system FEIA, Sweden). Sera were tested for elevation of IgE titres to the major allergens Der p I, Der p II (from the house dust mite Dermatophagoides pteronyssinus), Fel d I (from the household cat Felix domesticus) and Phl p V (from timothy grass, Phleum praetense) by chemiluminescence assay using monoclonal anti-IgE (ALK Laboratories, Hùrsholm, Denmark). Results were converted to RAST classes. A specific IgE RAST class 1 (50.35 ku/l) was considered positive. DNA was extracted from peripheral blood leucocytes by a standard phenol-chloroform protocol. Peripheral blood eosinophils were counted automatically by Coulter Counter (Western Diagnostic Laboratories, Western Australia), and the results log e converted before analyses.
HLA-DRB1* typing was by SSO probing with digoxigeninddUTP (Boehringer Mannheim) labelled probes as described previously. 15, 16 HLA-DR types were determined for HLA-DRB1*01 up to and including *16. HLA-DRB1*0103 was distinguished from all other DRB1*01 alleles, and HLA-DRB1*1501 was distinguished from all other DRB1*02 alleles. Subtypes were recognised for HLA-DRB1*04 (*0401 ± *0408), HLA-DRB1*05 (HLA-DRB1*11 and HLA-DRB1*12) and for HLA-DRB1*06 (HLA-DRB1*13 and HLA-DRB1*14) using SSO probing following previous protocols 15 but with digoxigenin-ddUTP labelled probes. Genotypes were checked independently by two individuals who were blind to the phenotype. Failed amplifications were repeated twice.
Association of all alleles with physician diagnosed asthma was sought by one-way analysis of variance (SPSS 6.1). Statistical analyses of quantitative traits were carried out by the QTDT program, which allowed variance-components testing of family-based samples for association, admixture, and transmission disequilibrium. 17 To avoid multiple comparisons, multi-allelic tests were initially performed, and individual alleles were only examined if the multi-allelic tests were positive.
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Results
Five hundred and two of the 1004 individuals were male. The parents (n=460) were aged 30 ± 55 years (mean 40.2 (SD 4.98) years) and the children (n=544) 5 ± 27 years (mean 12.6 (4.73) years).
Eighteen per cent of the population and 20% of the children were asthmatic. The Log e of bronchial responsiveness (Log e slope) was approximately normally distributed with a mean of 73.67 and a standard deviation of 1.93. The mean was 74.07+1.53 in normal subjects and 71.85+2.41 in asthmatics.
Positive responses to the allergens Der p I, Der p II and Phl p V (RAST score 51) were seen in more than 25% of the subjects (Table 1 ). Approximately 14% of individuals showed reactivity to the cat allergen Fel d I.
The results of HLA-DRB1 typing gave similar allele frequencies whether all subjects were considered, or whether unrelated subjects (the parents) were considered ( Table 2 ), suggesting that the population sample was balanced.
Multi-allelic tests of association were initially carried out. Physician diagnosed asthma did not show any association with the locus, and neither did bronchial responsiveness (slope) or the Log e peripheral eosinophil counts.
Log e IgE levels showed highly significant association with HLA-DRB1 alleles ( Table 3 ). The addition of age and sex as covariates slightly improved the significance of the results and the variance (s 2 ) attributable to the marker. Inclusion of specific IgE titres to the four allergens as covariates led to a highly significant further increase in the significance of results, and suggested that 4.0% of s 2 in the serum IgE was attributable to the marker (Table 3) . IgE titres to the major allergens Der p I, Der p II and Fel d I did not show any association with HLA-DRB1 alleles (Table  3) . However, inclusion of Log e IgE levels as a covariate 18 revealed highly significant effects on Der p I and Der p II titres, which were marginally improved by the inclusion of age and sex as covariates. Fel d I titres showed a significant association with HLA-DRB1 alleles, although the low frequency of Fel d I reactivity in the subjects meant that the study may have had limited power to detect associations. Phl p V titres were marginally associated with HLA-DRB1 alleles, although this effect disappeared when Log e IgE levels were included as a covariate.
The significance of these results may be further corrected for the eight phenotypes which were tested, so that Log e IgE levels, and Der p I and Der p II titres remain significantly associated with the HLA-DRB1 locus, whereas the association with Fel d I becomes marginal (P=0.1), and the association with Phl p V becomes non-significant.
Tests of association between the total serum IgE and individual alleles showed a number of positive and negative associations ( Table 4 ). The most significant of these were the association of high IgE levels and HLA-DRB1*01 and low levels with HLA-DRB1*13.
Der p I titres were negatively associated with HLA-DRB1*01 and positively associated with HLA-DRB1*1501 (Table 5) . Der p II titres showed the same associations. Fel d I titres were weakly associated with HLA-DRB1*0401.
Eighty per cent of subjects who reacted to Der p I also reacted to Der p II, potentially confounding the associations seen for both allergens to HLA-DRB1*1 and HLA-DRB1*1501. Der p II titres were therefore included as a covariate in the model predicting Der p I titres. The association between Der p I and HLA-DRB*1501 became insignificant, and only the negative association with HLA-DRB1*01 remained (w 
Discussion
The results of the present study show strong associations between HLA-DRB1 alleles and the total serum IgE concentration and IgE titres against individual antigens. Associations were not detected with asthma, bronchial responsiveness, or peripheral blood eosinophil counts.
The results suggest that HLA-DRB1 locus accounts for 2 to 3% of the variation in specific IgE titres, and 4% of the variation in total serum IgE levels. These estimates of variation may be low if the identified HLA-DRB1 alleles do not themselves modify IgE responses, but instead are in partial linkage disequilibrium with other HLA loci that have direct effects on these traits.
Table 1 Percentage positive responses to major purified allergens
The results extend previous studies that have demonstrated HLA Class II associations with reactivity to particular antigens. A strong and consistent association has been found between a ragweed antigen (Amb a V) and HLA-DR2 (HLA-DRB1*1501). 20 Other confirmed associations include Alt a I (from the mould Alternaria alternata) and DRB1*04, 21 Bet v I (from Birch tree pollen Betula verrucosa) and DRB3*0101, 22, 23 Par o I (from the weed Parietaria officinalis) and DRB1*1101 and/or 1104, 24 and cockroach allergy and DRB1*0101 (in Hutterites) or DRB1*0102 (in African Americans). 25 Many other associations have been claimed, but have not been replicated (see 26 for review), perhaps as a result of small sample sizes, and failure to correct for multiple comparisons or hidden admixture.
In vitro studies have shown that individual HLA-DR alleles restrict the ability of T cells to respond to particular allergens which have been processed by antigen-presenting cells, 27 ± 29 so that alleles showing association to allergen reactivity in our study may be causal in the disease process.
The present study is the first to show HLA-DRB1 associations with HDM allergens. Only 14% of subjects in the study had positive IgE titres to Fel d I, limiting the power to detect association. Nevertheless, the marginal association between Fel d I sensitivity and DRB1*04 is consistent with in vitro findings which have shown T cells to respond to Fel d I peptides presented by DRB1*04 positive cells. 29 The results show that alleles associated with elevations of the total serum IgE were different to those associated with HDM allergens or Fel d I. Associations to specific allergens or to the total serum IgE were improved when their respective confounding effects were controlled for by their inclusion as covariates. These results were consistent with hypotheses that the serum IgE is made up of cognate (specific) and noncognate components, 18 and with previous segregation studies that have suggested that specific and total serum IgE concentrations may have some separate genetic controls 6, 7 .
In general, less than 1% of an individual's total serum IgE is made up of IgE to specific allergen 7 (although the proportion may on occasion be much higher). The results therefore suggest either that an unknown antigen is driving an exceptional IgE response in an HLA-DRB1*01 restricted manner, or that the allele is in some way enhancing non-specific IgE production. Alternatively, the allele may be in linkage disequilibrium with a polymorphism in an unidentified gene which drives non-cognate IgE production. The use of a family-based sample and the QTDT program has allowed exploration of the effects of covariates and potential population admixture. In addition it has been possible to quantify the proportion of variance in each trait attributable to the HLA-DRB1 locus. The methods implemented in the QTDT program are therefore shown to provide a robust framework for the investigation of allelic associations to complex quantitative traits.
The study has differed from previous investigations of HLA-DRB1 because it was able to investigate the effects of the locus on multiple phenotypes. Genetic linkage to the MHC region has been previously demonstrated with asthma, 10, 12 total serum IgE levels, 12 eosinophil counts 9 and specific IgE levels. 11 The present study is consistent with the findings of linkage to specific IgE levels 11 and to total serum IgE levels. 12 However, the absence of association between asthma or eosinophilia and HLA-DRB1 suggests that other loci from the MHC or its surrounds should now be investigated. The Tumour Necrosis Factor complex within the MHC contains polymorphisms which are associated with variation in the expression of TNF-alpha and the presence of asthma. 30 ± 32 The relative risk of TNF alleles on asthma 30 is of the order of 2, and it is not clear that this is sufficient to account for the strength of genetic linkage observed to asthma in Hutterites 10 or German schoolchildren. 12 Other polymorphisms in the Class II region, such as those in C4, have not been investigated for a role in asthma. Many other genes from the Class I and other regions of the MHC may also have important effects on asthma or atopic responses, but these have not yet been adequately investigated. Nevertheless, the clear and limited role for the HLA-DRB1 locus shown by our results may be used as a first step in the detailed investigation of a region which has major influences on asthma susceptibility. 
